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Red Blood Cells (RBCs) need to deform and squeeze through narrow capillaries.
Decreased deformability of RBCs is, therefore, one of the factors that can contribute to the
elimination of aged or damaged RBCs from the circulation. This process can also cause
impaired oxygen delivery, which contributes to the pathology of a number of diseases.
Studies from our laboratory have shown that oxidative stress plays a significant role in
damaging the RBC membrane and impairing its deformability. RBCs are continuously
exposed to both endogenous and exogenous sources of reactive oxygen species (ROS)
like superoxide and hydrogen peroxide (H2O2). The bulk of the ROS are neutralized by
the RBC antioxidant system consisting of both non-enzymatic and enzymatic antioxidants
including catalase, glutathione peroxidase and peroxiredoxin-2. However, the autoxidation
of hemoglobin (Hb) bound to the membrane is relatively inaccessible to the predominantly
cytosolic RBC antioxidant system. This inaccessibility becomes more pronounced under
hypoxic conditions when Hb is partially oxygenated, resulting in an increased rate of
autoxidation and increased affinity for the RBC membrane. We have shown that a fraction
of peroxyredoxin-2 present on the RBC membrane may play a major role in neutralizing
these ROS. H2O2 that is not neutralized by the RBC antioxidant system can react with the
heme producing fluorescent heme degradation products (HDPs). We have used the level
of these HDP as a measure of RBC oxidative Stress. Increased levels of HDP are detected
during cellular aging and various diseases. The negative correlation (p < 0.0001) between
the level of HDP and RBC deformability establishes a contribution of RBC oxidative stress
to impaired deformability and cellular stiffness. While decreased deformability contributes
to the removal of RBCs from the circulation, oxidative stress also contributes to the uptake
of RBCs by macrophages, which plays a major role in the removal of RBCs from circulation.
The contribution of oxidative stress to the removal of RBCs by macrophages involves
caspase-3 activation, which requires oxidative stress. RBC oxidative stress, therefore,
plays a significant role in inducing RBC aging.
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INTRODUCTION
THE RED BLOOD CELL OXIDATIVE STRESS
The functional role of Red Blood Cells (RBCs) is the trans-
port of oxygen from the lungs to the tissues providing all cells
with the required oxygen. In the circulation, RBCs are contin-
uously exposed to both endogenous and exogenous sources of
reactive oxygen species (ROS) that can damage the RBC and
impair its function. To minimize the effect of these ROS and
the resultant oxidative stress, RBCs have an extensive antioxi-
dant system involving both non-enzymatic low molecular weight
antioxidants like glutathione and ascorbic acid and enzymatic
antioxidants including superoxide dismutase, catalase (Gonzales
et al., 1984), glutathione peroxidase (Nagababu et al., 2003) and
peroxiredoxin-2 (PRDX-2) (Lee et al., 2003; Nagababu et al.,
2013).
ROS are highly reactive and many of the ROS released from
neutrophils and macrophages into the plasma are neutralized
before they can be taken up by RBCs. However, particularly in
the microcirculation, where the RBCs are in close proximity and
even make contact with the vasculature (Rifkind et al., 1997;
Nagababu and Rifkind, 1998), ROS released from neutrophils
(Aoshiba et al., 1999), macrophages and endothelial cells are
taken up by RBCs. Upon entry into RBC cytoplasm, they are
for the most part neutralized by the cytosolic antioxidant sys-
tem. In fact, hydrogen peroxide added to RBCs rapidly reacts
with catalase being converted to oxygen without any oxidation of
hemoglobin (Hb). In addition, endogenous ROS are continuously
generated by the slow autoxidation of Hb (Abugo and Rifkind,
1994), which produces methemoglobin (that can no longer carry
oxygen) and superoxide that rapidly dismutates to form hydrogen
peroxide. The bulk of these ROS are also neutralized by the RBC
cytosolic antioxidants. However, the ability of the antioxidant sys-
tem to neutralize the endogenous ROS is limited as the blood
flows through the microcirculation and Hb becomes partially
oxygenated. Partial oxygenation results in a Hb conformational
change with certain unique properties (see below). Thus, there is a
dramatic increase in the rate of Hb autoxidation for partially oxy-
genated Hb (Abugo and Rifkind, 1994; Balagopalakrishna et al.,
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1996). At the same time an increase in the affinity of partially oxy-
genated Hb for the RBC membrane (that is appreciably greater
than for fully oxygenated or fully deoxygenated Hb (Cao et al.,
2009), limits the efficiency of the antioxidant system (that is
primarily cytosolic) from neutralizing the ROS formed at the
membrane. This pool of un-neutralized ROS in the RBC has been
shown to (1) damage the RBC membrane (Nagababu et al., 2008;
Barodka et al., 2013b) impairing the flow of RBCs through the
microcirculation and the delivery of oxygen to the tissues and
to (2) be transferred to cells, which come in contact with RBCs
resulting in tissue damage that induces inflammation (Kiefmann
et al., 2008; Huertas et al., 2013).
Recent studies indicate that RBCs also contain NADH oxi-
dases, which can generate endogenous ROS (George et al., 2013).
The initial demonstration of RBCNADHoxidase and its potential
physiological ramification involved sickle cell disease. However,
some forms of NADH oxidase were also detected in normal RBCs.
Additional studies are necessary to determine the functional effect
of NADH oxidase in normal cells and any possible effect on cel-
lular aging. As found for Hb generated ROS, the ROS generated
in the cytoplasm would under most conditions be neutralized by
the RBC antioxidant system. However, George et al has found that
one of the NADH oxidase isoforms present in RBCs is located
on the membrane. The potential effect of this isoform of NADH
oxidase needs to be further investigated during cellular aging in
normal RBCs.
THE LEVEL OF HEME DEGRADATION, A MEASURE OF RBC OXIDATIVE
STRESS
The presence of antioxidant enzymes as well as the relative insta-
bility of ROS makes it very difficult to quantitate the pool of
un-neutralized ROS that reflect RBC oxidative stress. This affects
both the RBC and other cells the RBC comes in contact with.
As a solution for this problem we have found that a small
fraction of the non-neutralized hydrogen peroxide degrades the
protoporphyrin producing fluorescent heme degradation prod-
ucts (HDPs) that can be detected even at very low concentrations
(Nagababu and Rifkind, 1998). These HDPs are also not neutral-
ized by the RBC antioxidant systems and are, therefore, much
more stable.
These HDPs were originally detected (Nagababu and Rifkind,
1998) when a 10 fold excess of hydrogen peroxide was added to
oxyhemoglobin (oxyHb). At this concentration, in addition to the
formation of methemoglobin (metHb), ∼5% of the hemes were
degraded producing two fluorescent products. One of those has
an excitation wavelength of 321 nm and emission wavelength in
the region of 465 nm and the second product has an excitation
wavelength of 460 nm and emission wavelength in the region of
525 nm. Confirmation that these fluorescent bands are attributed
to HDPs is based on the observation that the same fluorescent
bands were obtained when hydrogen peroxide reacted with heme
or hemin, although these reactions required much higher levels
of hydrogen peroxide. In addition, the excitation and emission
wavelengths for these bands were distinct from those of globin
fluorescent amino acids like tryptophan, tyrosine or di-tyrosine
(Teale, 1960; Giulivi and Davies, 1993) as well as free proto-
porphyrin IX. Thus, these fluorescent bands originating from
heme degradation are considered as markers of RBC oxidative
stress.
The mechanism for the formation of these degradation prod-
ucts was shown to require (Nagababu and Rifkind, 2000) an initial
reaction with hydrogen peroxide producing Fe(IV) ferrylhe-
moglobin (ferrylHb). The formation of ferrylHb was confirmed
by showing that sodium sulfide, which reacts with ferrylHb,
inhibits the formation of the HDPs. FerrylHb then reacted with a
second molecule of hydrogen peroxide. The requirement for this
hydrogen peroxide was demonstrated by the finding that cata-
lase added after the ferrylHb had formed, inhibited the formation
of HDPs. This second molecule of hydrogen peroxide produced
metHb and a superoxide radical, which was retained in the heme
pocket and was detected by electron paramagnetic resonance. The
retention of this superoxide in the heme pocket much longer than
the superoxide formed during Hb autoxidation (see above) facil-
itates a reaction of the superoxide with the porphyrin initiating
the heme degradation process.
The significance of this reaction is indicated by the demon-
stration that the same HDPs are generated from the low levels of
hydrogen peroxide constantly being produced by the dismutation
of superoxide released (Nagababu and Rifkind, 2000) during the
autoxidation of purified Hb.
In studies with intact RBCs, we found that we can detect the
same fluorescent band (Ex: 321 nm) as in HDPs described above
in any fresh RBC sample (Nagababu et al., 2010). We further
demonstrated that the amount of heme degradation increased
for RBCs in circulation for a longer period of time (older RBCs)
(Nagababu and Rifkind, 2004). These results indicate that HDPs
are produced in the RBCs even though they have an exten-
sive antioxidant system that should react with any amount of
hydrogen peroxide formed.
This paradox is explained by the finding that in RBCs, almost
all of the HDPs are located on the membrane (Nagababu et al.,
2010). To rule out the uptake of cytoplasmic HDPs by the more
hydrophobic membrane, we incubated Hb reacted with hydro-
gen peroxide with RBC membranes and found no increase in the
level of membrane fluorescent products over a period of 12 h.
These results thus indicate that the HDPs generated in the RBC
are formed on the RBC membrane and not in the cytoplasm.
Hb is known to bind to the cytoplasmic end of band 3 (Evans
and Fung, 1972; Shaklai et al., 1977a,b) present in the membrane.
It has been documented that deoxyhemoglobin (deoxyHb) has
an appreciably higher affinity for band 3 than oxyHb. This differ-
ence has been attributed to changes in the subunit interactions,
which facilitate interactions between the cytoplasmic end of band
3 and Hb. While these earlier studies have compared fully oxy-
genated and fully deoxygenated Hb with known differences in
quaternary structure, we have been involved in the studies with
partially oxygenated Hb present in RBCs in the microcirculation.
Evidence for a distinct conformation for partially oxygenated
Hb was initially demonstrated by the dramatic increase in the
rates of autoxidation when Hb is partially oxygenated (Abugo
and Rifkind, 1994; Balagopalakrishna et al., 1996). Recent stud-
ies (Cao et al., 2009) imply that this same conformational change,
which alters the interactions between Hb subunits, also has a dra-
matic effect on their affinity for the RBC membrane. We, thus,
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found that low levels of nitrite/NO reacted Hb present in fully
deoxygenated RBCs have an affinity >100-fold greater for the
RBC membrane than deoxyHb. We have attributed this to the
nitrite/NO bound fraction of the Hb that is partially liganded,
with properties similar to that of partially oxygenated Hb.
Thus, the partially oxygenated Hb is responsible for the bulk
of the ROS formed by Hb autoxidation. However, with the ele-
vated affinity of this fraction of Hb for the RBC membrane, the
superoxide and hydrogen peroxide formed during the autoxida-
tion of this Hb, is relatively inaccessible to the cytosolic catalase
and superoxide dismutase. So, an appreciable fraction of these
ROS can react with the Hb before being neutralized by the RBC
antioxidant system. Unlike the potential for such reactions with
endogenously generated ROS, the addition of exogenous hydro-
gen peroxide is immediately transported into the RBC before
it can react with membrane bound Hb and is neutralized pre-
dominantly by cytosolic catalase (Nagababu et al., 2010). While
catalase does not seem to be able to compete with Hb in reacting
with the pool of hydrogen peroxide generated on the membrane,
glutathione peroxidase (Nagababu et al., 2003) and PRDX-2
(Nagababu et al., 2013) may play a role in neutralizing ROS gen-
erated on the RBC membrane. Glutathione peroxidase is known
to react with membrane ROS (Horton and Fairhurst, 1987) and
its inhibition was found to dramatically increase the formation of
HDPs. Although PRDX-2 is primarily a cytosolic enzyme, ∼5%
of it is membrane associated (Moore et al., 1991; Low et al., 2004).
The neutralization of membrane generated ROS by PRDX-2 was
postulated to explain an increase in heme degradation in PRDX-2
knockout mice (Nagababu et al., 2013).
RBC OXIDATIVE STRESS IMPAIRS CELLULAR DEFORMABILITY
NECESSARY FOR EFFECTIVE OXYGEN TRANSPORT AND DELIVERY
RBCs are larger than the capillary diameter in the microcircula-
tion (Pries et al., 1996). Blood flow, therefore, requires that the
discoid RBCs deform to squeeze through these capillaries and
deliver oxygen to the tissues. The ROS generated on the RBC
membrane through Hb autoxidation are ideally located to react
with membrane lipids and proteins producing lipid peroxidation
and modified membrane proteins that can affect the membrane
structure.
Exogenous xanthine oxidase, which generates superoxide, has
been shown to affect the lipids by increasing their peroxidation.
It has, however, been shown that this lipid oxidative damage
does not affect the RBC deformability (Gurbuz et al., 2004).
Nevertheless, it has been shown that deformability of RBCs is
impaired as a result of treatment of RBCs by a number of
reagents associated with oxidative stress including hydrogen per-
oxide, t-butyl hydroperopxide, cumene hydroperoxide, verapamil
and ascorbate (Kuypers et al., 1990; Kim et al., 2008). Damage
to membrane proteins is, thus, presumably responsible for the
impaired cellular deformability associated with oxidative stress.
The role of protein damage in producing impaired deformability
is consistent with a dominant role for the membrane cytoskeleton
(Suzuki et al., 2007) in regulating RBC deformability. There are a
number of specific cases where it has been shown that damage to
membrane and cytoskeletal proteins affects deformability (Chasis
and Mohandas, 1986; Cluitmans et al., 2012; Grau et al., 2013).
A linear relationship between deformability and RBC oxida-
tive stress, as measured by the level of HDPs (see above) has been
found in studies involving sickle cell disease where subjects under
crisis and not under crisis as well as those with sickle cell trait
were compared (Barodka et al., 2013b). Comparing all of these
subjects, a highly significant correlation [N = 34; R = (−)0.68;
p < 0.0001] was found between RBC deformability and the level
of HDPs. We also found that with transgenic mice lacking PRDX-
2 and superoxidase-2 (SOD2) (Mohanty et al., 2013; Nagababu
et al., 2013), there were appreciable increases in heme degradation
that coincided with a decrease in RBC deformability.
Despite this correlation, by comparing the average changes
in deformability and heme degradation for normal healthy sub-
jects, subjects with sickle cell trait, subjects with sickle cell
disease not undergoing crisis and those undergoing crisis, we
were able to delineate the different factors that contribute
to the changes in heme degradation and RBC deformability.
Heme degradation, which is primarily affected by the insta-
bility of the Hb, increased even for subjects with sickle cell
trait, because of the increase in unstable sickle cell Hb. On
the other hand, the RBC deformability in addition to being
affected by oxidative stress was also affected by the changes
in Hb aggregation that occurs during sickle cell crisis (see
below).
The contribution of oxidative stress that does not necessarily
involve Hb autoxidation to deformability is indicated by caspase-
3. Caspase 3, is activated in the RBC by oxidative reactions, such
as the reaction with tertiary butyl hydroperoxide, has been shown
to partially degrade band 3 (Mandal et al., 2003; Clementi et al.,
2007). This reaction has been shown to induce the exposure of
phosphatidylserine (PS, usually located on the inner leaflet of
the RBC membrane) to the outer surface (Mandal et al., 2005).
This dramatic rearrangement of the membrane has been shown
to involve a concomitant decrease in deformability (Fens et al.,
2012).
Oxidative stress has also been shown to inhibit Ca-ATPase
(Samaja et al., 1990; Kiefer and Snyder, 2000), which is respon-
sible for limiting the intracellular concentration of calcium.
Enhanced intracellular calcium has several effects that can affect
deformability. This includes activation of the Gardos channel
resulting in leakage of potassium from the RBC affecting cation
homeostasis (Ney et al., 1990; Barodka et al., 2013a) causing
shrinkage of the cell and impaired deformability. Calcium also
activates calpain that can degrade additional proteins on the
membrane (Redding et al., 1991).
Despite the demonstrated relationship between RBC deforma-
bility and oxidative stress, deformability can be affected by other
processes that are not associated with oxidative stress. Although
calcium induced shrinkage is associated with oxidative stress,
membrane microvesiculation is a regulated process that is accel-
erated in older cells (Willekens et al., 2008) and is not thought to
involve oxidative stress. It is, however, responsible for the increase
in cell density coupled with a decrease in the cellular deformabil-
ity and flexibility (Bartosz, 1991; Abugo and Rifkind, 1994; Wang
et al., 2010). In addition to regulated vesiculation, any change that
affects the volume of the cell and the excess surface area, will affect
the deformability of the RBCs.
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There are, in addition, changes in the intracellular content that
can affect deformability independent of oxidative stress. A docu-
mented case of such a deformability change involves sickle cell
disease (Barodka et al., 2013b). We have alluded to the correla-
tion between heme degradation and impaired deformability for
sickle cell disease which is attributed to the instability of sickle
cell Hb (see above). However, a careful analysis of the data indi-
cates that deformability is also affected by the aggregation of Hb
that involves the structural change in deoxygenated Hb for sickle
cell Hb, which triggers sickling of the RBC during sickle cell crisis.
In this case the sickling process directly impairs the ability of the
cell to deform.
CONTRIBUTION OF RBC OXIDATIVE STRESS TO RBC AGING
The RBC, continuously undergoing normoxic and hypoxic
cycling, is constantly exposed to oxidative insults during its 120
day life-span that results in continuous biochemical, physical,
and structural changes. These changes impair the ability of the
RBC to transport oxygen and eventually trigger its removal from
the circulation by the reticulo-endothelial system. The reticulo-
endothelial system involves the mononuclear phagocytic cells
primarily in the spleen, but also in the liver and lymph nodes.
The processes responsible for the actual triggering of the
removal have been extensively studied (Ajmani and Rifkind, 1998;
Barvitenko et al., 2005; Rogers et al., 2009; Antonelou et al., 2010).
Many of the processes involve oxidative stress.
The RBC membrane band 3 is the dominant integral trans-
membrane protein. It has several crucial functions including:
(1) the maintenance of anion homeostasis, (2) providing a link
between the membrane and the cytoskeleton responsible for
maintaining the cell shape and (3) providing for the interaction of
a number of cytosolic proteins with the membrane via the amino
terminal region that protrudes into the cytosol. This region of
band 3 binds competitively both Hb, and a number of glycolytic
enzymes (Mohandas and Gallagher, 2008). The changes in Hb
binding to band 3 as a function of the Hb oxygenation, there-
fore, couple Hb oxygenation, Hb autoxidation, glycolysis and ATP
production (De Rosa et al., 2008).
Oxidative damage to band 3 has been linked to RBC aging
including the exposure of senescent specific neo-antigens that
bind autologous IgG triggering RBC removal (Kay, 1993). IgG
binding has also been linked to band 3 clusters, which is triggered
by the binding of denatured oxidized Hb (hemichromes) to band
3 (Low et al., 1985; Rettig et al., 1999; Ferru et al., 2011).
Caspase-3 activation, which involves oxidative stress (see
above), also cleaves the cytoplasmic end of band 3 (Mandal et al.,
2003) affecting the interactions of band 3 with cytosolic proteins
as well as the linkage to ankyrin and the cytoskeleton, which also
induces PS exposure (Grey et al., 2012) (see below).
Membrane micro-vesiculation is a process that accelerates in
the formation of older cells (Willekens et al., 2008) (see above).
These changes limit the ability of the RBC to maintain the highly
deformable biconcave shape necessary to pass through narrow
pores, thus contributing to their removal from circulation. While
cell shrinkage and vesiculation can be induced by various factors,
some of which may not involve oxidative stress, the shrinkage
associated with potassium leakage through the Gardos channel
is triggered by oxidative stress. This process is initiated by damage
to Ca-ATPase, which maintains a low intracellular concentration
of free calcium ions (Larsen et al., 1981). Damage to Ca-ATPase
is responsible for the age induced increase in intracellular cal-
cium and is generated by oxidative damage to the ATPase (Samaja
et al., 1990; Kiefer and Snyder, 2000). The increase in intra-
cellular calcium activates the Gardos channel causing the leakage
of potassium from the cell resulting in cell shrinkage and impaired
deformability (Brugnara, 1993; Foller et al., 2008b).
An increase in intracellular calcium also activates calpain,
transglutaminase-2 and some caspases that can degrade/crosslink
cytoskeleton proteins (Redding et al., 1991). It also inhibits
phosphotyrosine phosphatase increasing band 3 phosphorylation
(Zipser et al., 2002).
The RBC lipid bilayer contains an asymmetric distribution
of phospholipids with PS being maintained on the inner sur-
face of the membrane by the competition between Scramblase,
which randomizes the distribution and Flippase, which inter-
nalizes the PS. Coupled with an increase in Sphingomyelinase
that increases ceramide, increased intracellular calcium has been
linked to the exposure of PS and to a reduction in Flippase activ-
ity (Burger et al., 2013), that triggers the interaction of RBCs with
macrophages and eryptosis (Daleke, 2008; Foller et al., 2008a;
Weiss et al., 2011). Despite the important role of macrophages
in the removal of RBCs,it is not clear that the interaction of RBCs
with macrophages is responsible for the removal of aged RBCs
from circulation (Dasgupta et al., 2008; Saxena et al., 2012).
CONCLUSION
Partially oxygenated Hb molecules formed in the RBCs in micro-
circulation, when oxygen is being transported by them to the
tissues, have an elevated affinity for the RBC membrane and have
an increase in autoxidation producing ROS that are not com-
pletely neutralized by the RBC antioxidant system. This source
of RBC oxidative stress is involved in a number of the factors that
contribute to RBC aging and the removal of RBCs from the circu-
lation. This oxidative process, thus, explains the dominant role of
oxidative stress in RBC aging.
ACKNOWLEDGMENTS
This research was supported entirely by the Intramural Research
Program of the NIH, National Institute on Aging, NIH.
REFERENCES
Abugo, O. O., and Rifkind, J. M. (1994). Oxidation of hemoglobin and the enhance-
ment produced by nitroblue tetrazolium. J. Biol. Chem. 269, 24845–24853.
Ajmani, R. S., and Rifkind, J. M. (1998). Hemorheological changes during human
aging. Gerontology 44, 111–120. doi: 10.1159/000021993
Antonelou, M. H., Kriebardis, A. G., and Papassideri, I. S. (2010). Aging and death
signalling in mature red cells: from basic science to transfusion practice. Blood
Transfus. 8(Suppl. 3), s39–s47. doi: 10.2450/2010.007S
Aoshiba, K., Nakajima, Y., Yasui, S., Tamaoki, J., and Nagai, A. (1999). Red blood
cells inhibit apoptosis of human neutrophils. Blood 93, 4006–4010.
Balagopalakrishna, C., Manoharan, P. T., Abugo, O. O., and Rifkind, J. M. (1996).
Production of superoxide from hemoglobin-bound oxygen under hypoxic
conditions. Biochemistry 35, 6393–6398. doi: 10.1021/bi952875+
Barodka, V., Mohanty, J. G., Mustafa, A. K., Santhanam, L., Nyhan, A., Bhunia,
A. K., et al. (2013a). Nitroprusside inhibits calcium-induced impairment of red
blood cell deformability. Transfusion 54, 434–444. doi: 10.1111/trf.12291
Frontiers in Physiology | Membrane Physiology and Membrane Biophysics February 2014 | Volume 5 | Article 84 | 4
Mohanty et al. Red blood cell oxidative stress
Barodka, V. M., Nagababu, E., Mohanty, J. G., Nyhan, D., Berkowitz, D. E., Rifkind,
J. M., et al. (2013b). New insights provided by a comparison of impaired
deformability with erythrocyte oxidative stress for sickle cell disease. Blood Cells
Mol. Dis. doi: 10.1016/j.bcmd.2013.10.004. [Epub ahead of print].
Bartosz, G. (1991). Erythrocyte aging: physical and chemical membrane changes.
Gerontology 37, 33–67. doi: 10.1159/000213251
Barvitenko, N. N., Adragna, N. C., and Weber, R. E. (2005). Erythrocyte signal
transduction pathways, their oxygenation dependence and functional signifi-
cance. Cell. Physiol. Biochem. 15, 1–18. doi: 10.1159/000083634
Brugnara, C. (1993). Membrane transport of Na and K and cell dehydration in
sickle erythrocytes. Experientia 49, 100–109. doi: 10.1007/BF01989413
Burger, P., Kostova, E., Bloem, E., Hilarius-Stokman, P., Meijer, A. B., van den
Berg, T. K., et al. (2013). Potassium leakage primes stored erythrocytes for phos-
phatidylserine exposure and shedding of pro-coagulant vesicles. Br. J. Haematol.
160, 377–386. doi: 10.1111/bjh.12133
Cao, Z., Bell, J. B., Mohanty, J. G., Nagababu, E., and Rifkind, J. M. (2009). Nitrite
enhances RBC hypoxic ATP synthesis and the release of ATP into the vascula-
ture: a new mechanism for nitrite-induced vasodilation. Am. J. Physiol. Heart
Circ. Physiol. 297, H1494–H1503. doi: 10.1152/ajpheart.01233.2008
Chasis, J. A., and Mohandas, N. (1986). Erythrocyte membrane deformabil-
ity and stability: two distinct membrane properties that are independently
regulated by skeletal protein associations. J. Cell Biol. 103, 343–350. doi:
10.1083/jcb.103.2.343
Clementi, M. E., Giardina, B., Colucci, D., Galtieri, A., and Misiti, F.
(2007). Amyloid-beta peptide affects the oxygen dependence of erythrocyte
metabolism: a role for caspase 3. Int. J. Biochem. Cell Biol. 39, 727–735. doi:
10.1016/j.biocel.2006.11.013
Cluitmans, J. C., Hardeman, M. R., Dinkla, S., Brock, R., and Bosman, G. J. (2012).
Red blood cell deformability during storage: towards functional proteomics and
metabolomics in the Blood Bank. Blood Transfus. 10(Suppl. 2), s12–s18. doi:
10.2450/2012.004S
Daleke, D. L. (2008). Regulation of phospholipid asymmetry in the
erythrocyte membrane. Curr. Opin. Hematol. 15, 191–195. doi:
10.1097/MOH.0b013e3282f97af7
Dasgupta, S. K., Abdel-Monem, H., Guchhait, P., Nagata, S., and Thiagarajan,
P. (2008). Role of lactadherin in the clearance of phosphatidylserine-
expressing red blood cells. Transfusion 48, 2370–2376. doi: 10.1111/j.1537-
2995.2008.01841.x
De Rosa, M. C., Carelli, A. C., Galtieri, A., Russo, A., and Giardina, B. (2008).
Allosteric properties of hemoglobin and the plasma membrane of the erythro-
cyte: new insights in gas transport and metabolic modulation. IUBMB Life 60,
87–93. doi: 10.1002/iub.15
Evans, E., and Fung, Y. C. (1972). Improved measurements of the ery-
throcyte geometry. Microvasc. Res. 4, 335–347. doi: 10.1016/0026-2862(72)
90069-6
Fens, M. H., van, W. R., Andringa, G., van Rooijen, K. L., Dijstelbloem, H. M.,
Rasmussen, J. T., et al. (2012). A role for activated endothelial cells in red blood
cell clearance: implications for vasopathology. Haematologica 97, 500–508. doi:
10.3324/haematol.2011.048694
Ferru, E., Giger, K., Pantaleo, A., Campanella, E., Grey, J., Ritchie, K., et al. (2011).
Regulation of membrane-cytoskeletal interactions by tyrosine phosphorylation
of erythrocyte band 3. Blood 117, 5998–6006. doi: 10.1182/blood-2010-11-
317024
Foller, M., Huber, S. M., and Lang, F. (2008a). Erythrocyte programmed cell death.
IUBMB Life 60, 661–668. doi: 10.1002/iub.106
Foller, M., Kasinathan, R. S., Koka, S., Lang, C., Shumilina, E., Birnbaumer, L., et
al. (2008b). TRPC6 contributes to the Ca(2+) leak of human erythrocytes. Cell.
Physiol. Biochem. 21, 183–192. doi: 10.1159/000113760
George, A., Pushkaran, S., Konstantinidis, D. G., Koochaki, S., Malik, P., Mohandas,
N., et al. (2013). Erythrocyte NADPH oxidase activity modulated by Rac
GTPases, PKC, and plasma cytokines contributes to oxidative stress in sickle
cell disease. Blood 121, 2099–2107. doi: 10.1182/blood-2012-07-441188
Giulivi, C., and Davies, K. J. (1993). Dityrosine and tyrosine oxidation products
are endogenous markers for the selective proteolysis of oxidatively modified red
blood cell hemoglobin by (the 19 S) proteasome. J. Biol. Chem. 268, 8752–8759.
Gonzales, R., Auclair, C., Voisin, E., Gautero, H., Dhermy, D., and Boivin, P. (1984).
Superoxide dismutase, catalase, and glutathione peroxidase in red blood cells
from patients with malignant diseases. Cancer Res. 44, 4137–4139.
Grau, M., Pauly, S., Ali, J., Walpurgis, K., Thevis, M., Bloch, W., et al. (2013).
RBC-NOS-dependent S-nitrosylation of cytoskeletal proteins improves RBC
deformability. PLoS ONE 8:e56759. doi: 10.1371/journal.pone.0056759
Grey, J. L., Kodippili, G. C., Simon, K., and Low, P. S. (2012). Identification of con-
tact sites between ankyrin and band 3 in the human erythrocyte membrane.
Biochemistry 51, 6838–6846. doi: 10.1021/bi300693k
Gurbuz, N., Yalcin, O., Aksu, T. A., and Baskurt, O. K. (2004). The relationship
between the enzyme activity, lipid peroxidation and red blood cells deforma-
bility in hemizygous and heterozygous glucose-6-phosphate dehydrogenase
deficient individuals. Clin. Hemorheol. Microcirc. 31, 235–242.
Horton, A. A., and Fairhurst, S. (1987). Lipid peroxidation and mechanisms of
toxicity. Crit. Rev. Toxicol. 18, 27–79. doi: 10.3109/10408448709089856
Huertas, A., Das, S. R., Emin, M., Sun, L., Rifkind, J. M., Bhattacharya, J.,
et al. (2013). Erythrocytes induce proinflammatory endothelial activation in
hypoxia1. Am. J. Respir. Cell Mol. Biol. 48, 78–86. doi: 10.1165/rcmb.2011-
0402OC
Kay, M. M. (1993). Generation of senescent cell antigen on old cells initiates IgG
binding to a neoantigen. Cell. Mol. Biol. (Noisy-le-grand) 39, 131–153.
Kiefer, C. R., and Snyder, L. M. (2000). Oxidation and erythrocyte senescence. Curr.
Opin. Hematol. 7, 113–116. doi: 10.1097/00062752-200003000-00007
Kiefmann, R., Rifkind, J. M., Nagababu, E., and Bhattacharya, J. (2008). Red
blood cells induce hypoxic lung inflammation. Blood 111, 5205–5214. doi:
10.1182/blood-2007-09-113902
Kim, D. H., Kim, Y. K., Won, D. I., Shin, S., and Suh, J. S. (2008). [Assessment
of hemorheological deformability of human red cells exposed to tert-butyl
hydroperoxide, verapamil and ascorbate by ektacytometer]. Korean J. Lab. Med.
28, 325–331. doi: 10.3343/kjlm.2008.28.5.325
Kuypers, F. A., Scott, M. D., Schott, M. A., Lubin, B., and Chiu, D. T. (1990). Use
of ektacytometry to determine red cell susceptibility to oxidative stress. J. Lab.
Clin. Med. 116, 535–545.
Larsen, F. L., Katz, S., and Roufogalis, B. D. (1981). Calmodulin regulation of Ca2+
transport in human erythrocytes. Biochem. J. 200, 185–191.
Lee, T. H., Kim, S. U., Yu, S. L., Kim, S. H., Park, D. S., Moon, H. B., et al. (2003).
Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice.
Blood 101, 5033–5038. doi: 10.1182/blood-2002-08-2548
Low, P. S., Waugh, S. M., Zinke, K., and Drenckhahn, D. (1985). The role of
hemoglobin denaturation and band 3 clustering in red blood cell aging. Science
227, 531–533. doi: 10.1126/science.2578228
Low, T. Y., Leow, C. K., Salto-Tellez, M., and Chung, M. C. (2004). A proteomic
analysis of thioacetamide-induced hepatotoxicity and cirrhosis in rat livers.
Proteomics 4, 3960–3974. doi: 10.1002/pmic.200400852
Mandal, D., Baudin-Creuza, V., Bhattacharyya, A., Pathak, S., Delaunay, J., Kundu,
M., et al. (2003). Caspase 3-mediated proteolysis of the N-terminal cytoplasmic
domain of the human erythroid anion exchanger 1 (band 3). J. Biol. Chem. 278,
52551–52558. doi: 10.1074/jbc.M306914200
Mandal, D., Mazumder, A., Das, P., Kundu,M., and Basu, J. (2005). Fas-, caspase 8-,
and caspase 3-dependent signaling regulates the activity of the aminophospho-
lipid translocase and phosphatidylserine externalization in human erythrocytes.
J. Biol. Chem. 280, 39460–39467. doi: 10.1074/jbc.M506928200
Mohandas, N., and Gallagher, P. G. (2008). Red cell membrane: past, present, and
future. Blood 112, 3939–3948. doi: 10.1182/blood-2008-07-161166
Mohanty, J. G., Nagababu, E., Friedman, J. S., and Rifkind, J. M. (2013). SOD2
deficiency in hematopoietic cells in mice results in reduced red blood cell
deformability and increased heme degradation. Exp. Hematol. 41, 316–321. doi:
10.1016/j.exphem.2012.10.017
Moore, R. B., Mankad, M. V., Shriver, S. K., Mankad, V. N., and Plishker, G. A.
(1991). Reconstitution of Ca(2+)-dependent K+ transport in erythrocyte mem-
brane vesicles requires a cytoplasmic protein. J. Biol. Chem. 266, 18964–18968.
Nagababu, E., Chrest, F. J., and Rifkind, J. M. (2003). Hydrogen-peroxide-induced
heme degradation in red blood cells: the protective roles of catalase and glu-
tathione peroxidase. Biochim. Biophys. Acta 1620, 211–217. doi: 10.1016/S0304-
4165(02)00537-8
Nagababu, E., Gulyani, S., Earley, C. J., Cutler, R. G., Mattson, M. P., and Rifkind,
J. M. (2008). Iron-deficiency anaemia enhances red blood cell oxidative stress.
Free Radic. Res. 42, 824–829. doi: 10.1080/10715760802459879
Nagababu, E., Mohanty, J. G., Bhamidipaty, S., Ostera, G. R., and Rifkind, J. M.
(2010). Role of the membrane in the formation of heme degradation products
in red blood cells. Life Sci. 86, 133–138. doi: 10.1016/j.lfs.2009.11.015
www.frontiersin.org February 2014 | Volume 5 | Article 84 | 5
Mohanty et al. Red blood cell oxidative stress
Nagababu, E., Mohanty, J. G., Friedman, J. S., and Rifkind, J. M. (2013). Role of
peroxiredoxin-2 in protecting RBCs from hydrogen peroxide-induced oxidative
stress. Free Radic. Res. 47, 164–171. doi: 10.3109/10715762.2012.756138
Nagababu, E., and Rifkind, J. M. (1998). Formation of fluorescent heme degra-
dation products during the oxidation of hemoglobin by hydrogen peroxide.
Biochem. Biophys. Res. Commun. 247, 592–596. doi: 10.1006/bbrc.1998.8846
Nagababu, E., and Rifkind, J. M. (2000). Reaction of hydrogen peroxide with fer-
rylhemoglobin: superoxide production and heme degradation. Biochemistry 39,
12503–12511. doi: 10.1021/bi992170y
Nagababu, E., and Rifkind, J. M. (2004). Heme degradation by reactive oxygen
species. Antioxid. Redox Signal. 6, 967–978. doi: 10.1089/ars.2004.6.967
Ney, P. A., Christopher, M. M., and Hebbel, R. P. (1990). Synergistic effects of
oxidation and deformation on erythrocyte monovalent cation leak. Blood 75,
1192–1198.
Pries, A. R., Secomb, T. W., and Gaehtgens, P. (1996). Biophysical aspects of blood
flow in the microvasculature. Cardiovasc. Res. 32, 654–667. doi: 10.1016/0008-
6363(96)00065-X
Redding, G. S., Record, D. M., and Raess, B. U. (1991). Calcium-stressed ery-
throcyte membrane structure and function for assessing glipizide effects
on transglutaminase activation. Proc. Soc. Exp. Biol. Med. 196, 76–82. doi:
10.3181/00379727-196-43166A
Rettig, M. P., Low, P. S., Gimm, J. A., Mohandas, N., Wang, J., and Christian,
J. A. (1999). Evaluation of biochemical changes during in vivo erythrocyte
senescence in the dog. Blood 93, 376–384.
Rifkind, J. M., Ajmani, R. S., and Heim, J. (1997). Impaired hemorheology in
the aged associated with oxidative stress. Adv. Exp. Med. Biol. 428, 7–13. doi:
10.1007/978-1-4615-5399-1_2
Rogers, S. C., Said, A., Corcuera, D., McLaughlin, D., Kell, P., and Doctor, A. (2009).
Hypoxia limits antioxidant capacity in red blood cells by altering glycolytic
pathway dominance. FASEB J. 23, 3159–3170. doi: 10.1096/fj.09-130666
Samaja, M., Rubinacci, A., Motterlini, R., De, P. A., and Portinaro, N. (1990).
Red cell aging and active calcium transport. Exp. Gerontol. 25, 279–286. doi:
10.1016/0531-5565(90)90063-8
Saxena, R. K., Bhardwaj, N., Sachar, S., Puri, N., and Khandelwal, S. (2012). A
double in vivo biotinylation technique for objective assessment of aging and
clearance of mouse erythrocytes in blood circulation. Transfus. Med. Hemother.
39, 335–341. doi: 10.1159/000342524
Shaklai, N., Yguerabide, J., and Ranney, H. M. (1977a). Classification and localiza-
tion of hemoglobin binding sites on the red blood cell membrane. Biochemistry
16, 5593–5597. doi: 10.1021/bi00644a032
Shaklai, N., Yguerabide, J., and Ranney, H. M. (1977b). Interaction of hemoglobin
with red blood cell membranes as shown by a fluorescent chromophore.
Biochemistry 16, 5585–5592. doi: 10.1021/bi00644a031
Suzuki, Y., Ohkubo, N., Aoto, M., Maeda, N., Cicha, I., Miki, T., et al. (2007).
Participation of caspase-3-like protease in oxidation-induced impairment of
erythrocyte membrane properties. Biorheology 44, 179–190.
Teale, F. W. (1960). The ultraviolet fluorescence of proteins in neutral solution.
Biochem. J. 76, 381–388.
Wang, S., Dale, G. L., Song, P., Viollet, B., and Zou, M. H. (2010). AMPKalpha1
deletion shortens erythrocyte life span in mice: role of oxidative stress. J. Biol.
Chem. 285, 19976–19985. doi: 10.1074/jbc.M110.102467
Weiss, E., Rees, D. C., and Gibson, J. S. (2011). Role of calcium in phos-
phatidylserine externalisation in red blood cells from sickle cell patients.Anemia
2011:379894. doi: 10.1155/2011/379894
Willekens, F. L., Werre, J. M., Groenen-Dopp, Y. A., Roerdinkholder-Stoelwinder,
B., de, P. B., and Bosman, G. J. (2008). Erythrocyte vesiculation: a self-
protective mechanism? Br. J. Haematol. 141, 549–556. doi: 10.1111/j.1365-
2141.2008.07055.x
Zipser, Y., Piade, A., Barbul, A., Korenstein, R., and Kosower, N. S. (2002). Ca2+
promotes erythrocyte band 3 tyrosine phosphorylation via dissociation of
phosphotyrosine phosphatase from band 3. Biochem. J. 368, 137–144. doi:
10.1042/BJ20020359
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 19 November 2013; paper pending published: 05 December 2013; accepted:
12 February 2014; published online: 28 February 2014.
Citation: Mohanty JG, Nagababu E and Rifkind JM (2014) Red blood cell oxidative
stress impairs oxygen delivery and induces red blood cell aging. Front. Physiol. 5:84.
doi: 10.3389/fphys.2014.00084
This article was submitted to Membrane Physiology and Membrane Biophysics, a
section of the journal Frontiers in Physiology.
Copyright © 2014 Mohanty, Nagababu and Rifkind. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Physiology | Membrane Physiology and Membrane Biophysics February 2014 | Volume 5 | Article 84 | 6
